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SUMMARY
Ocean waves activity is a major source of microvibrations that travel through the solid Earth,
known as microseismic noise and recorded worldwide by broadband seismometers. Analysis
of microseismic noise in continuous seismic records can be used to investigate noise sources in
the oceans such as storms, and their variations in space and time, making possible the regional
and global-scale monitoring of the wave climate. In order to complete the knowledge of the
Atlantic and Pacific oceans microseismic noise sources, we analyse 1 yr of continuous data
recorded by permanent seismic stations located in the Indian Ocean basin. We primarily focus
on secondary microseisms (SM) that are dominated by Rayleigh waves between 6 and 11 s
of period. Continuous polarization analyses in this frequency band at 15 individual seismic
stations allow us to quantify the number of polarized signal corresponding to Rayleigh waves,
and to retrieve their backazimuths (BAZ) in the time–frequency domain. We observe clear
seasonal variations in the number of polarized signals and in their frequencies, but not in their
BAZ that consistently point towards the Southern part of the basin throughout the year. This
property is very peculiar to the Indian Ocean that is closed on its Northern side, and therefore
not affected by large ocean storms during Northern Hemisphere winters. We show that the
noise amplitude seasonal variations and the backazimuth directions are consistent with the
source areas computed from ocean wave models.
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INTRODUCTION
Microseismic noise is generated by ocean gravity waves (Longuet-
Higgins 1950; Hasselmann 1963) and is recorded worldwide by
broadband seismic stations in the frequency range 0.05–0.3 Hz (pe-
riods between ∼3 and 20 s). It is associated to ground vibration of
a few microns in amplitude, and has been used in early investiga-
tions of seismic noise sources because it is correlated with weather
disturbances (e.g. Banerji 1930). Microseismic noise is dominated
by Rayleigh waves (e.g. Ramirez 1940), but body waves were also
observed and modelled (e.g. Barruol et al. 2006; Gerstoft et al.
2008; Koper et al. 2010; Gualtieri et al. 2014). Microseisms are
generally split into primary (PM) and secondary microseisms (SM)
that result from different physical processes. PM have the same pe-
riods as the ocean swells (typically between 10 and 20 s) and are
accepted to be generated through direct interaction of swell with the
sloping seafloor in coastal areas (Hasselmann 1963). SM, on which
we focus this work, dominate seismic noise worldwide. They have
half the period of the ocean waves (typically between 3 and 10 s)
and are induced by a second-order pressure fluctuation generated
by interference of swells of similar periods travelling in opposite
directions (Longuet-Higgins 1950).
It has long been known that SM are dominated by Rayleigh
waves in the frequency range 0.1–0.17 Hz (6–10 s of period; Lee
1935; Lacoss et al. 1969; Tanimoto & Alvizuri 2006) that can be
observed on seismic stations far from their generation areas (e.g.
Haubrich et al. 1963; Tanimoto et al. 2006), but recent studies have
shown that Love wave (Nishida et al. 2008; Tanimoto et al. 2015)
and compressional waves (Davy et al. 2014) can be detected in
the SM frequency band. SM generally show elliptical polarization
in the vertical plane, so the direction to the incoming waves can
be inferred from the polarization observed on individual seismic
stations, under the assumption that they are surface waves with
retrograde polarization. SM noise sources have been located in
near-coastal shallow waters (e.g. Bromirski et al. 2013), related
to coastal swell reflections interacting with the incident swell (e.g.
Bromirski &Duennebier 2002) and also in deep waters (e.g. Obreb-
ski et al. 2012), related to interactions between swells of opposite
directions and similar periods.Most of the literature on the SMnoise
sources focuses on the Pacific and Atlantic oceans (e.g. Haubrich &
McCamy 1969; Friedrich et al. 1998; Chevrot et al. 2007; Gerstoft
& Tanimoto 2007; Brooks et al. 2009; Koper et al. 2010; Behr
et al. 2013) or on the global scale (Aster et al. 2008; Gerstoft
et al. 2008; Stutzmann et al. 2012) and very few on the Indian
1180 C© The Authors 2015. Published by Oxford University Press on behalf of The Royal Astronomical Society.
Downloaded from https://academic.oup.com/gji/article-abstract/202/2/1180/595783/Sources-of-secondary-microseisms-in-the-Indian
by CSIC user
on 10 October 2017
Sources of SM in the Indian Ocean 1181
(e.g. Koper & De Foy 2008; Sheen 2014) and the Southern oceans
(e.g. Reading et al. 2014). The motivation of this work is there-
fore to improve our knowledge of the noise sources in the Indian
Ocean.
SM source regions have been remotely detected and located in the
ocean basins by techniques such as beamforming (e.g. Essen et al.
2003; Lande`s et al. 2010) or polarization analyses (e.g. Schimmel
et al. 2011), and also modelled (e.g. Ardhuin et al. 2011;
Stutzmann et al. 2012). From numerical modelling, Ardhuin et al.
(2011) showed that seismic sources generated on the seafloor by
standing waves developing at the ocean surface may occur under
three situations of ocean–wave interactions: in a single storm with
a broad ocean wave directional spectra (class I), by the interaction
between an incoming swell with its own coastal reflection (class II),
and finally, by two distinct swells of similar periods and propagating
in opposite directions (class III).
In this study, we used 1 yr (2011) of continuous data recorded
at 15 permanent broad-band seismic stations located in the Indian
Ocean basin. The choice of this particular year was motivated by the
data continuity provided at most stations and the time length of 1 yr
was chosen to spot seasonal variations. On these continuous data,
we performed a polarization analysis (Schimmel & Gallart 2003,
2004, 2005; Schimmel et al. 2011) to detect polarized signals in the
time-frequency domain and to determine their backazimuths (BAZ).
We then used this information to characterize the source areas of
SM noise in the Indian Ocean and to follow their variations with
time and frequency. Finally, we compared the results obtained by
the polarization analysis with the locations of the SM noise sources
predicted by a numerical wave model.
DATA AND METHOD
We processed 1 yr (2011) of continuous waveform data from 15
seismic stations of global (GEOSCOPE, GSN) and regional seismic
networks (Geoscience Australia, Pacific21) located in the Indian
Ocean (Fig. 1). These stations were selected for their complete
geographical distribution and their good data availability during the
year 2011. Data from the three components (north–south, east–west
and vertical) were converted to ground velocity by removing the
instrument response and decimated at 1 sample per second to extract
frequency-dependent noise polarization from the continuous three-
component records in the frequency range 0.05–0.33 Hz (between
3 and 20 s of period). All individual records were transformed into
the time-frequency domain using the S transform (Stockwell 1996;
Ventosa et al. 2008) in which the window size has been scaled to
the period of interest.
We performed a polarization analysis (Schimmel &Gallart 2003,
2004, 2005; Schimmel et al. 2011) that allows detecting polarized
signals as a function of time and frequency, which are characterized
by the measurement of the instantaneous degree of polarization
(DOP). The DOP is a quality measurement linked to the stability
of an arbitrary polarization state with time. It is based on the fact
that the polarization of a high-quality signal should remain stable
with time. The DOP has been adjusted to detect elliptical particle
motion in a vertical plane and is built from polarization attributes,
such as the semi-major and semi-minor axes of the ellipse that best
fit the ground motion. It ranges between 0 and 1, with 1 indicating
a perfect polarized signal of elliptical particle motion in a vertical
plane and 0 a random ground motion. The polarization attributes
are determined through an eigen analysis of spectral matrices which
were constructed from the time–frequency representation of the
Figure 1. Map of the 15 permanent Indian Ocean seismic stations used in
this work. These stations are part of the GEOSCOPE, IRIS, Geoscience
Australia and Pacific21 networks. The station locations are indicated by
coloured circles to indicate if the dominant noise is in the PM (light purple)
or SM (red) frequency bands (see Fig. 2).
three component seismograms. For more details about the DOP
construction see Schimmel et al. (2011).
Detections were based on DOP larger than 0.75 to keep only the
measurements corresponding to stable elliptical polarization but
also on the polarization stability over a time period of a minimum
four times the signal period. Combining this polarization with the
fact that the orientation of the ground motion ellipse is assumed to
be retrograde, as described for fundamental mode Rayleigh waves,
allows us to determine the direction of the incoming waves, called
the BAZ.
This polarization analysis resulted in a matrix containing time,
frequency, DOP and BAZ quadruples for all the signals detected
during the year at each seismic station. These data are then used
to analyse the BAZ of the seismic sources in the Indian Ocean and
their variations with time and frequency.
RESULTS OF POLARIZAT ION
ANALYS IS
We first quantified the amount of elliptically polarized signals de-
tected throughout the year at each station as a function of fre-
quency. We obtained the polarization spectra shown in Fig. 2, in
which the black bold lines represent the amount of polarized sig-
nals counted in frequency bins of 0.01 Hz. Themaximum number of
detected signals by bins was normalized to 1 at each station to show
the relative distribution of the polarized signals as a function of
frequency.
All the polarization spectra clearly show a bimodal distribution
with a frontier between the two peaks around 0.09 Hz (11 s of pe-
riod). The histogram superimposed on every plot in Fig. 2 indicates
for each station the normalized total amount of detections through-
out the year in each frequency band. One observes generally much
less polarized signals for the PM (in light purple, between 0.04
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Figure 2. Polarization spectra showing the distribution of the polarized signals detected throughout the year 2011 as a function of frequency for the 15 Indian
Ocean stations. PM marks the primary microseism frequency band between 0.04 and 0.09 Hz (around 11–25 s) and SM marks the secondary microseism
frequency band between 0.09 and 0.17 Hz (around 6–11 s). A histogram is superimposed on each plot and shows the normalized relative distribution between
the polarized signals counted throughout the year in the PM (in light purple) and the SM (in red) frequency bands. The stations are sorted on the relative
importance of the SM over the PM magnitude.
and 0.09 Hz, 11–25 s of period) than for the SM (in red, between
0.09 and 0.17 Hz, 6–11 s of period). We thus observe more polar-
ized signals detected in the SM frequency band at most stations,
whatever their land, coastal or island situation. The PM detections
dominate only at stations DGAR and slightly at AIS. However, it
must be noted that these two seismic stations seem to be of low
quality with particularly noisy data (as discussed later) that could
make the detection of both the PM and SM less robust.
The variations of the number of detections in time reveal a clear
seasonality for the SM detections, whereas PM detection levels
are rather constant throughout the year, as shown in Fig. 3. More
SM polarized signals are detected in austral winter (from May to
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Figure 3. Seasonal variations of the number of detected signals polarized in a vertical plane throughout the year 2011 at the stations ABPO (Ambohimpanompo,
Madagascar), PSI (Sumatera, Indonesia), SUR (Sutherland, South Africa), MORW (Morawa,Western Australia), CRZF (Port Alfred-Ile de la Possession-Crozet
Islands, France) and PAF (Port aux Franc¸ais, Kerguelen Islands). Plotted are the normalized moving averages obtained from 10-d data windows with 50 per cent
overlap. Frequency bands for the PM (in light purple) and the SM (in red) are the same as in Fig. 2. Austral winter is shaded in grey, from May to September.
September) at all these stations, even at the ones that are located
in the Northern Hemisphere such as the station PSI. This feature
can be explained by the fact that the Indian Ocean is closed on
its Northern side and is therefore dominated by a Southern Hemi-
sphere dynamics. All the stations in and around this ocean record
many more polarized signals in austral winter than in austral sum-
mer (December to March). This is not the case for the seismic
stations located in the Atlantic or the Pacific oceans. These basins
indeed extend at high latitudes in both the Northern and Southern
Hemispheres, where Northern and Southern winter storms may de-
velop. In these oceans, one observes a variability of the SM over
the year correlated with the latitude of the stations and the season,
with more SM signals during the local winter in both Northern
and Southern Hemispheres (e.g. Stutzmann et al. 2009; Schimmel
et al. 2011).
To localize the SM source generation areas, we use the BAZmea-
sured at each individual seismic station by the polarization analysis.
The BAZ are extracted from the elliptically polarized signals with
particle motion in a vertical plane. The 180◦ ambiguity in the BAZ
is removed by assuming that fundamental mode surface waves are
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Figure 4. Monthly variations of SM polarized signals detected at stations ABPO and PAF throughout the year 2011. Every polarization diagram corresponds to
one month of measurements where each detection is characterized by its backazimuth (indicated by the angle with respect to north) and its frequency (indicated
by the radius). Inner and outer circles correspond to 0.09 and 0.17 Hz (around 6–11 s), which are the limits of the SM frequency band. The colour indicates
the number of polarized signals detected by bin of 3◦ for the backazimuth and of 0.01 Hz for the frequency. Red colours correspond to the maximum number
of SM polarized signals detected by bins, which is saturated at 500.
characterized by a retrograde polarization. The polarization analysis
is performed in the time-frequency domain, and we can therefore
measure the BAZ as a function of time and frequency.
Fig. 4 shows examples of themonthly variations of the SMBAZ as
a function of frequency at station ABPO in Madagascar and PAF in
Kerguelen Islands. These two stations exhibit different SMdetection
patterns, but they both show a dominant BAZ, stable throughout the
year. Detections at station ABPO point to a source area localized
towards the south–southeast of Madagascar whereas detections at
station PAF point out towards the west–southwest of the Kerguelen
Islands. The seasonal variability in the number of SM polarized
signals is underlined by much more detected signals during the
austral winter than during the austral summer. As a comparison, the
total amount of SM signals detected in the frequency band 0.09–
0.17 Hz at station PAF was 65 699 in July and only 36 925 in
February.
We also observe a seasonal variability in the dominant frequency
of the SM signals throughout the year, with higher frequency SM
signals detected in austral summer and lower frequency SM signals
detected in austral winter. This feature visible on the two examples
presented in Fig. 4 is found at most seismic stations and summarized
in Fig. 5, which represents the daily dominant measured frequency
of the SM polarized signals at ten stations throughout the year 2011,
smoothed over a week-long moving window. Despite the fact that
each curve may display important variations of 10–30 d of period,
Fig. 5 clearly shows a general trend characterized by a yearly vari-
ation, with lower dominant frequencies for signals detected during
austral winter (indicated by the grey area) and higher dominant
frequencies for signals detected during austral summer. Such a sea-
sonality of the SM dominant frequency can be explained by the fact
that the largest storms, characterized by long period swells, occur
mainly in austral winter, and thus generate longer period SM (with
half the period of the ocean waves).
This year-long analysis also reveals a dominant BAZ in the SM
frequency band that remains stable throughout the year at most
seismic stations within and around the Indian Ocean basin. This
stability allows us to investigate the geographical meaning of the
SM noise source locations. Fig. 6 shows the detection pattern of
the polarized signals in the SM frequency band (0.09–0.17 Hz)
for the entire year 2011 at each seismic station, using the same
representation as in Fig. 4, except that the number of polarized
signals has been normalized to 1 for each seismic station. The
colour scale has been saturated so that bins above 0.5 are shown in
dark red to increase the visibility of smaller amplitude features.
Most seismic stations show clear and dominant BAZ sources for
the SM polarized signals throughout the year. The main directions
of the dominant BAZ, corresponding to the maximum of polarized
signals counted in the SM frequency band, are delimited in Fig. 6
by black lines centred on the location of the seismic station. This
clearly shows that the dominant BAZ generally points towards the
South of the Indian Ocean.
This systematic analysis also shows that the stations DGAR,
RODM and AIS appear to be of low quality, probably ow-
ing to a noisier environment. For these three stations, the ma-
jority of the polarized signals cover a large domain point-
ing globally from the southwest to the southeast but without
any stable and dominant BAZ throughout the year. The power
spectral density (PSD) estimates at these stations (available at
the Geoscope website http://geoscope.ipgp.fr and IRIS website
http://ds.iris.edu/ds/products/pdf-psd/) show a noise level in the SM
frequency band higher than the new high-noise model (NHNM;
Peterson 1993), which may explain the weak performance of these
broadband stations in detecting polarized signals.
Ifmost stations showonly one dominant range ofBAZ, exceptions
are observed at stations CRZF, CASY and PALK. For these three
stations, we found a dominant BAZ that points towards the Southern
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Figure 5. Seasonal variation of the dominant frequency of the SM, as a function of the day of year 2011 for 10 of the Indian Ocean seismic stations. We plot
the dominant frequency of the SM polarized signals within each day with a smoothing window spanning one week. Austral winter is shaded in grey, from May
to September.
Figure 6. Detection of the SM polarized signals throughout the year 2011.
Diagrams are similar to those of Fig. 4 except that they cover the whole year.
Black lines delimit the dominant directions of the noise source backazimuths
measured at each seismic station.
Indian Ocean, but also a secondary BAZ which points to a clearly
different direction. At station CRZF, a second source of SM noise is
likely present north of Crozet Islands. At CASY, SM coming from
the southeast likely result from a source area located in the Southern
Pacific Ocean and at station PALK, secondary noise sources point
towards the northeast, likely towards the Bay of Bengal, as observed
previously by Koper et al. (2008).
Another distinct feature is observed at stationMORW, inWestern
Australia, where the dominant BAZ detected does not point towards
the Southern Indian Ocean, but instead towards the northwest. A
likely hypothesis to explain detections at this station is that the SM
sources could be dominated by swell coastal reflections rather than
distant ocean waves interaction. This is favoured by the fact that
noise source modelling shows that strong SM sources are generated
by wave reflections at the Western coast in Australia (Stutzmann
et al. 2012). This point is discussed below and illustrated in Fig. 7.
DISCUSS ION
PM versus SM amplitudes
The PM and SM are both characterized by large amounts of el-
liptically polarized signals but at most stations, we detected more
signals in the SM frequency band than in the PM one throughout
the year (Figs 2 and 3). This can be explained by the fact that the
SM are observed globally as the strongest microseisms (e.g. Aster
et al. 2008), but also because they are detected in a larger frequency
band, and because the mechanism at the origin of the SM can occur
in both shallowwaters and deep ocean. In contrast, the smaller num-
ber of PM detections can be explained by its narrower frequency
band, but also by the fact that they are generated in shallow waters
through pressure variations on the sloping seafloor and are quickly
attenuated with distance (e.g. Barruol et al. 2006).
SM of classes I and III (Ardhuin et al. 2011), that are generated
by more distant source areas located in the deep ocean can explain
both the predominance of the SM over the PM, and the seasonal
variations in SMwithmore energy during austral winter when larger
storms occur in the southern ocean. If the SM of class II (generated
near the shore by coastal reflection of an incoming swell) were
responsible for the SM increase detected during austral winter, we
should observe a simultaneous PM increase at the same time, since
Downloaded from https://academic.oup.com/gji/article-abstract/202/2/1180/595783/Sources-of-secondary-microseisms-in-the-Indian
by CSIC user
on 10 October 2017
1186 C. Davy et al.
Figure 7. Maps of the SM sources in January 2011 (left-hand side) and July 2011 (right-hand side), modelled with a 10 per cent coefficient of ocean wave
coastal reflection. The Equator is represented by the white dotted line. See text for interpretation.
the PM are also generated by the local swell activity near the shore.
The missing seasonality in the PM observations suggests that PM
and SM are decoupled from each other as one may expect for
distant SM sources and near-coastal PM sources. The absence of
seasonal variability in the number of detected signals in the PM
frequency band (Fig. 3) suggests that the stations record SM signals
predominantly from distant source areas of classes I and III located
in the deep ocean. Since the SM have twice the frequency of the
ocean waves generating them and are proportional to the product
of their amplitudes (Longuet-Higgins 1950), one can expect an
increase in the number of SM polarized signals and also a lower
dominant frequency of the SM during austral winter, when large
swell events with longer periods occur in the Indian Ocean (as
shown in Figs 4 and 5).
Location of SM noise sources
As the SM BAZs are stable in time, we used the BAZs detected
throughout the year 2011 at each individual station to investigate
potential SM noise source areas (Fig. 6). Most of the measured
BAZs point to the South of the oceanic basin for the SM, which is
consistent with the fact that fewer noise sources can be generated in
theNorthern IndianOceanwhich is closed by continent with respect
to the open Southern Indian Ocean. This is furthermore confirmed
by the much larger number of polarized signals detected in aus-
tral winter, even at the Indian Ocean stations located in Northern
Hemisphere, such as station PSI.
Although the main sources are located in the Southern Indian
Ocean, we show that a few stations are also sensitive to noise sources
located in other oceans. For example, the Antarctica stations MAW
andCASYpoint towards source areas in the Southern PacificOcean.
The station MORW seems to be sensitive to SM sources in-
duced by coastal reflections rather than distant sources. This station
detected a large number of polarized signals with BAZ pointing to-
wards the northwest and not towards the southern area of the Indian
Ocean. Owing to the closed geometry of the Indian Ocean in its
northern part, seismic sources of class I or III related to deep ocean
sources (Ardhuin et al. 2011) are less expected in the northwest of
Australia. This may indicate that the sources detected by the station
MORW are likely induced by coastal reflection processes.
SM noise sources observations versus modelling
In order to validate the locations of the SM source areas issued from
our polarization measurements, we compared these locations with
the noise sources predicted by the numerical wave model IOWAGA
(Ardhuin et al. 2010, 2011). SM sources are generated at places
where opposite travelling oceanwave trainswith the same frequency
meet. The interaction of these swells generates standing or partially
standing waves that induce pressure fluctuations on the ocean bot-
tom through the water column, at twice the ocean wave frequency,
which efficiently couple into seismic energy on the seafloor. These
sources are modelled by integrating local ocean wave spectra over
all azimuths combined with a site effect, which corresponds to the
resonance effect in thewater column (Longuet-Higgins 1950; Kedar
et al. 2007; Stutzmann et al. 2012; Gualtieri et al. 2013). For details
of the numerical modelling and theory see Ardhuin et al. (2011)
and Stutzmann et al. (2012).
Fig. 7 shows the maps of the noise sources modelled in the SM
frequency band for the months of January and July 2011, using the
same colour scale. The source maps are computed for the same
frequency range as those used for the polarization analysis, that is,
between 0.09 and 0.17 Hz for the SM. According to the models, the
strongest SM sources aremainly localized both in deep-ocean and in
the Southern part of the basin, where crossing wave fields are more
common, and they havemore energy in July, when the largest storms
occur. Fig. 7 also reveals the amplification of SM sources due to
resonance effect, which depends on water depths (Longuet-Higgins
1950). This explains why SM sources are clearly distributed along
topographic features such as the Indian mid-oceanic ridges, the
Kerguelen and the Madagascar plateaus. The optimum ocean depth
for the excitation of microseisms varies for different frequencies
(e.g. Longuet-Higgins 1950; Kedar et al. 2007; Stutzmann et al.
2012; Gualtieri et al. 2013; Tanimoto 2013) and is for example of
2.7 km for 0.15 Hz. Noise in the SM frequency band is particularly
well excited at ocean depth of about 2–3 km, which is in good
agreement with the distribution of the modelled SM sources shown
in Fig. 7.
Thesemodelled noise sources clearly favour the dominant SMac-
tivity during austral winter and also the distant origin of the sources
for the generation of the SM in the Indian Ocean. The SM source
areas that we observe are characterized by large patches located in
Downloaded from https://academic.oup.com/gji/article-abstract/202/2/1180/595783/Sources-of-secondary-microseisms-in-the-Indian
by CSIC user
on 10 October 2017
Sources of SM in the Indian Ocean 1187
Figure 8. Maps of the dominant measured backazimuth at most of the stations, superimposed on the SM sources modelled for the year 2011 with a 10 per cent
coefficient of ocean wave coastal reflection. See text for interpretation.
the Southern Indian Ocean andwith clearly higher amplitude during
austral winter, that is, when the larger storms occur.
The distribution of the SM sources computed from the global
ocean wave model for the whole year 2011 is presented on the
maps in Fig. 8. We highlight the projection of the measured BAZ
from each seismic station averaged for the year, as delimited by
black lines in Fig. 6. We only represent on this figure the seismic
stations for which we measure a dominant and stable BAZ over the
year, which points towards SM source areas located in the Indian
Ocean. For that reason, we do not represent the low quality stations
DGAR, RODM andAIS. The station ABPO is also not presented on
this figure, because it shows very similar results to stations FOMA
and RER. We also do not represent the station MORW in Australia
where the dominant BAZ points towards the northwest suggesting
local SM sources induced by coastal reflection that coincide well
with an elongated zone of source area modelled along the Western
coast of Australia.
Fig. 8 demonstrates that the polarization directions measured at
most stations correlate well with the SM sources modelled in the
South of the Indian Ocean. At most recording sites, we show a good
agreement between the projections of the measured BAZ highlight-
ing the South of the Indian Ocean and the modelled noise sources.
Fig. 8 also reveals that some modelled source areas are not detected
by our measurements. We suggest that there may be simultaneous
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sources occurring in different areas and therefore spread over wide
azimuths (Gerstoft & Tanimoto 2007). Simultaneous wave arrivals
from different sources at a recording station may modify and com-
plicate the polarization and we likely measure the strongest sources
in our signal, explaining why some sources may be missed. Finally,
one must keep in mind that the BAZ measured on individual seis-
mic stations give information on the source direction but not on the
source distance. The approach developed here therefore provides
statistical information on the noise sources at large time and space
scales. It allows characterizing and monitoring the climate-induced
microseisms, but does not allow locating individual seismic sources.
Deployment of ocean bottom seismometers using a station spacing
smaller than the one used in the present work may provide a way to
locate these local noise sources and to make in situ microseismic
noise observations beneath oceanic storms in both deep and shallow
waters (e.g. Webb & Crawford 2010). This was done for instance
from data recorded by the RHUM-RUM experiment (Barruol &
Sigloch 2013) that allowed observing SM sources on the ocean
floor beneath a tropical cyclone (e.g. Davy et al. 2014). Another al-
ternate way locating noise sources can be provided by methods such
as spectral analyses that can be performed on individual stations.
Investigation of PM and SM during a particular major storm may
provide a way to determine the distance to the source, thanks to the
dispersion of the ocean waves (Bromirski et al. 2005; Sheen 2014).
This approach is of interest to better locate noise sources associated
to major storms in the Indian Ocean. It is beyond the scope of this
study but will deserve some future efforts to improve the accuracy
in the noise source locations.
CONCLUS ION
We processed 1 yr of continuous data at 15 individual stations
from permanent seismic networks within and around the Indian
Ocean basin to analyse swell-induced microseismic noise. Time-
frequency number of elliptically polarized signals and BAZ were
used to characterize microseisms, to locate the source areas and to
follow their seasonal variability throughout the year 2011.
We showed that both PM and SM are clearly visible in polar-
ization spectra although different processes generate them. We also
showed that their source areas are not colocated. SM signals are
characterized by seasonal variations with an increase of lower-
frequency energy detected in austral winter but stable backazimuth
throughout the year pointing towards the South of the Indian Ocean.
This result is in good agreement with numerical modelling of SM
source areas and can be explained by the closed geometry of the
northern part of the ocean basin, which does not allow large micro-
seismic sources to develop in the north of the basin during Northern
Hemisphere winters.
From the analysis of 1 yr of data, we showed that time-frequency
polarization analysis is an important tool to characterize and locate
the swell-induced seismic noise source areas in ocean basins. It may
help for instance to identify optimal ocean bottom monitoring sites
and to characterize the wave climate changes by analysing much
longer periods of recording.
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